Protein-o-mannosyl transferase 1 (POMT1) is a glycosyltransferase involved in a-dystroglycan (a-DG) glycosylation. Clinical phenotype in POMT1-mutated patients ranges from congenital muscular dystrophy (CMD) with structural brain abnormalities, to limb-girdle muscular dystrophy (LGMD) with microcephaly and mental retardation, to mild LGMD. No cardiac involvement has until now been reported in POMT1-mutated patients. We report three patients who harbored compound heterozygous POMT1 mutations and showed left ventricular (LV) dilation and/or decrease in myocardial contractile force: two had a LGMD phenotype with a normal or close-to-normal cognitive profile and one had CMD with mental retardation and normal brain MRI. Reduced or absent a-DG immunolabeling in muscle biopsies were identified in all three patients. Bioinformatic tools were used to study the potential effect of POMT1-detected mutations. All the detected POMT1 mutations were predicted in silico to interfere with protein folding and/or glycosyltransferase function. The report on the patients described here has widened the clinical spectrum associated with POMT1 mutations to include cardiomyopathy. The functional impact of known and novel POMT1 mutations was predicted with a bioinformatics approach, and results were compared with previous in vitro studies of protein-o-mannosylase function.
INTRODUCTION
Protein-o-mannosyl transferase 1 (POMT 1, OMIM *607423), together with its homolog POMT2 (OMIM *607439), is part of a heteromeric complex involved in the initiation of o-mannosyl glycan synthesis in the endoplasmic reticulum, 1,2 which is the first step in the attachment of o-mannose-linked glycan moieties to a-dystroglycan (a-DG). 3 a-DG has a structural role in muscle fiber integrity, connecting the dystrophin-glycoprotein complex to the extracellular matrix. 4 POMT1 mutations result in a reduction in a-DG glycosylation in skeletal muscles [5] [6] [7] and the clinical spectrum of the phenotype ranges from severe Walker-Warburg syndrome (WWS, OMIM 236670) 5 to milder forms of congenital muscular dystrophy (CMD) with microcephaly and mental retardation without eye abnormalities (CMD-MR, OMIM 613155), 6 and to limb-girdle muscular dystrophy (LGMD) with normal brain structure and mental retardation (LGMD2K, OMIM 609308). 7, 8 Five other genes -POMT2, protein o-mannose b-1, 2-N-acetylglucosaminyltransferase (POMGnT1, OMIM *606822), fukutin (FKTN, OMIM *607440), FKTN-related protein (FKRP, OMIM *606596) and like-glycosyltransferase (LARGE, OMIM *608840) -are involved in a-DG glycosylation and their mutations lead to heterogeneous phenotypes characterized by combinations of muscular, cerebral and ophthalmic involvement. 9 Cardiac involvement has until now been reported only in patients with FKRP 10-13 and FKTN 14 gene mutations. Furthermore, autosomal recessive mutations in genes previously involved in multisystemic congenital (N-) glycosylation disorders (CGDs) have been recently linked to impaired o-mannosylation of dystroglycan, with a cardiomyopathic phenotype, associated to muscular dystrophy (dolichol-phosphatemannose synthase complex, OMIM *605951) 15 or without significant muscular involvement (dolichol kinase, OMIM *610746). 16 Overall, cardiomyopathy is increasingly being described in the clinical spectrum of glycosyltransferase mutations. The present is a report on three unrelated patients affected by cardiomyopathy in association with compound heterozygous POMT1 mutations, with different neuromuscular phenotypes.
MATERIALS AND METHODS Patients
We screened archived muscle biopsies of 247 patients affected by LGMD, CMD, muscle weakness or creatine kinase (CK) elevation of unknown cause for a-DG glycosylation defect by immunohistochemistry. Dystrophin, a-sarcoglycan, calpain and dysferlin were normal by immunohistochemistry and/or immunoblotting in patients' biopsy. A mild to complete reduction of immunolabeling for a glycosylated epitope of a-DG was found in 107 patients, who were subsequently screened for mutations in glycosyltransferase genes. POMT1 mutations were found in nine patients, distributed by phenotype as follows: three LGMD, four CMD with mental retardation and normal brain MRI and two WWS. All these patients routinely undergo a periodic screening for cardiological abnormalities by EKG end echocardiography; three patients showing signs of cardiomyopathy were selected for the present study (Table 1) .
Patient 1 is a 17-year-old boy described in a previous report. 17 Hypotonic at birth, the patient acquired stable head control at 8 months and the ability to sit unsupported at 15 months, but never learned to walk. He had severe mental retardation and autistic features. A brain MRI carried out at 6 years of age was normal. On neurological examination, diffuse muscle wasting, muscle weakness, mild calf hypertrophy, severe scoliosis with rigid spine and microcephaly were present. Tendon reflexes were normal. Serum CK was 6000 U/l. A muscle biopsy, taken when the patient was 12 years old, revealed dystrophic features and reduced immunolabeling of a-DG and dystrophin. Dystrophin gene analysis did not identify any mutations and the observed slight decreased of dystrophin immunostaining was probably secondary to nonspecific proteolysis.
At the age of 16, the patient was admitted to the hospital for respiratory distress. Nocturnal noninvasive ventilation was begun and a gastrostomy was carried out because of severe swallowing disturbances. An electrocardiogram (EKG) and an echocardiography carried out at that time were normal. After 1 year, the patient developed acute respiratory distress, prompting a complete cardiac evaluation. An echocardiography showed a moderate LV dysfunction (LV end diastolic volume index (LVEDVi) 50 ml/m 2 : n.v.o70 ml/m 2 ; LV ejection fraction (LVEF) 40%: n.v.Z50%) but a poor acoustic window due to scoliosis did not permit assessment of right ventricular (RV) function. Diuretic therapy was begun and cardiac ultrasound performed 6 months later demonstrated stable parameters (LVEDV index 56 ml/ m 2 , LVEF 44%).
Patient 2 is a 20-year-old man who showed normal psychomotor development, who had come to medical attention at the age of 3 because of the occasional finding of elevated CK levels (B10,000 U/l). At the age of 5 years a muscle biopsy showed mild myopathic alterations and perimysial fibrosis. Immunohistochemical analysis of dystrophin, a-, b-and g-sarcoglycan and b-dystroglycan was normal. Dystrophin gene analysis did not identify any mutations.
At the age of 12 years the patient, until then asymptomatic, underwent a routine echocardiography, which documented a diffuse LV wall hypokinesia with normal LVEDVi (69 ml/m 2 ) and LVEF (50%). He presented at the age of 17 years with shortness of breath, cough, easy fatigability and abdominal pain. An electrocardiogram showed LV hypertrophy (voltage criteria Sokolow-Lyon index ¼ 38 mm, n.v.p35 mm), and an echocardiography showed a moderate LV dilation (LVEDVi 81 ml/m 2 ) with moderate-severe systolic dysfunction (LVEF 36%) as well as moderate RV dilation (RVEDVi 88 ml/m 2 , n.v.p60 ml/m 2 ). The patient responded to b-blockers and angiotensin receptor 1 blocker (sartanics) therapy. A cardiac echo carried out when the patient was 20 years of age showed a LVEDVi of 92 ml/m 2 with an EF of 47% and mild hypokinesia of LV walls. The RV was moderately dilated (RVEDi 98 ml/m 2 ) and kinesis was normal (RVEF 70%). Conventional spirometry showed mild obstruction and a normal forced vital capacity.
Currently, the patient has no difficult rising from the floor or climbing stairs. A neurological examination showed calf and thigh hypertrophy, relative wasting of the scapulo-humeral girdle, and a mild symmetrical weakness of proximal muscles. A brain MRI was normal, but neuropsychological evaluation showed executive dysfunctions (categorization ability, set-shifting and planning) and significant visuo-spatial learning impairment. The patient's IQ was in the normal range (82).
Patient 3 is a 34-year-old man who was well until the age of 33 years, when he began to complain muscle weakness in the lower limbs and myalgias in the shoulder girdle. Serum CK was 981 U/l and a muscle biopsy was consistent with a severe myopathy with type I fiber predominance (90%), central nuclei and cores in the majority of fibers. A neurological examination revealed calf hypertrophy and moderate weakness of bilateral triceps brachii. He had no difficulty rising from the floor, walking long distances or climbing stairs.
A diagnosis of an initial biventricular dilatation was made when the patient was 34 years old on the basis of a cardiac echo, which showed a LVEDVi of 78 ml/m 2 , and a LVEF of 67%; the RV was moderately dilated, the ejection fraction was normal (RVEDi 74 ml/m 2 , RVEF 59%) as were the kinesis indexes. A conventional spirometry was normal.
a-DG glycosylation and laminin a2 studies a-DG glycosylation was studied on 8-mm thick cryosections of frozen muscle tissue, using an antibody directed against an o-glycosylated epitope of a-dystroglycan (IIH-6; Upstate Biotechnology, Lake Placid, NY, USA); laminin a2 was studied using an antibody directed against the carboxyl-terminus of the protein (mAb 1922, 80 kDa, Chemicon, Temecula, CA, USA; 1:1,000).
Gene mutation studies
DNA was extracted from peripheral blood. The complete coding regions, including intron/exon boundaries of POMT1, POMT2, POMGnT1, FKTN and LARGE, were screened for mutations by PCR/single stranded conformation polymorphism/sequencing or by direct sequencing (primers are available upon request). Restriction fragment length polymorphism analysis was used to confirm gene variants, to verify segregation in the family and to assess frequency in 110 control chromosomes.
Bioinformatics
An integrative bioinformatic approach was used to elucidate the sequencestructure-function relationship of POMT1. The human POMT1 sequence was downloaded from UniProt 18 with an accession number Q9Y6A1. PSI-BLAST 19 was used with standard parameters for a single iteration on the UniProt sequence database to search for homologous sequences. InterPro 20 and ELM 21 were used to search for known domains and interacting motifs, respectively. The secondary structure was analyzed with the consensus method, 22 while disordered regions were searched with SPRITZ 23 and transmembrane helices predicted with TOPCONS. 24 The structure of the MIR domains (found in Mannosyltransferases, Inositol triphosphate receptors and Ryanodin receptors) was modeled with HOMER (URL: http://protein.bio.unipd.it/homer/) from the template structure with PDB code 1T9F previously identified with PSI-BLAST, with loops positioned using a fast divide and conquer approach 25 and the final model being evaluated with FRST. 26 The structure was visualized Abbreviations: CMD-MR, congenital muscular dystrophy with mental retardation; LGMD-MR, limb-girdle muscular dystrophy with mental retardation; LGMD-NOMR, LGMD with no mental retardation; MR, mental retardation; MRI, magnetic resonance imaging; POMT1, protein-o-mannosyltransferase 1.
POMT1-related congenital and limb-girdle muscular dystrophy L Bello et al using PyMol (DeLano Scientific, URL: http://www.pymol.org/). The I-Mutant, 27 Mupro 28 and SNPs3D 29 servers were used to estimate effects of the mutations in terms of protein stability. Other two predictor, SNAP 30 and PhD-SNP, 31 were used to classify variants as disease-related or as neutral polymorphisms.
RESULTS a-DG glycosylation and laminin a2 studies Immunofluorescence analysis of muscle biopsies revealed severe reduction of a-DG glycosylation in patient 1 and 2 and moderate reduction in patient 3 with respect to control (Figure 1) . Few a-DGnegative fibers were observed in patients 1 and 3. Laminin a2 expression was slightly reduced in the patient muscle biopsies compared with control.
Gene mutation studies
The patient 3 was found to be heterozygous for the nonsense mutation c.1864C4T, predicting a premature stop codon (p.Arg622*). In addition, sequencing of patient's cDNA identified a splice defect that incorporates five bases at the junction exon 10-exon 11 r.1052_1053insGTAAG (Supplementary Figure 2) . Full sequencing of genomic DNA identified a number of variations in intron 10-exon 11 c.1052 þ 49 g4a (Hom), c.1052 þ 184 g4a (Hom), c.1052 þ 246 g4a (Hom), c.1052 þ 276 t4c (Hom), c.1053-172 c4t (Hom), c.1053-113 c4g (Hom), c.1053-102 g4a (Het) and c.1113T4C D371D (Hom). All these have unknown significance and none predicted a cryptic splice site compatible with the aberrant transcript observed. The likely scenario is a leaking splicing defect leading to two different transcripts: one alternative transcript resulting in an out-of-frame insertion of five base pairs and a normally spliced transcript consistent with the production of a normal, but reduced protein product, and thereby consistent with partial a-DG glycosylation defect. Another possible scenario is that this patient harbors a large deletion on one allele or a deep intronic mutation that alters splicing, leading to a large deletion undetected by genomic DNA sequencing.
No FKRP, POMT2, POMGnT1, FKTN and LARGE mutations were detected in any of the patients. Identified mutations were not detected in 110 control chromosomes.
In silico prediction of mutation effects The sequence of human POMT1 (NG_008896) was analyzed with several bioinformatics methods to characterize mutation sites. As expected, several transmembrane helices were predicted and the known MIR domains detected. A consensus approach was used to delimit the single transmembrane helices, as various methods provided slightly different predictions, especially for the second and last helices. The structure of the MIR domain was predicted by homology modeling from a template structure with 31% sequence identity. Secondary structure and disorder predictions were used in combination with ELM to identify possible functional motifs locations. Figure 2 summarizes the analysis of the POMT1 sequence and the positions of disease-associated mutations.
The mutations were analyzed using several prediction methods to determine possible pathogenicity and compared with known mutations with experimentally measured enzyme activity. 2,32,33 All substitutions occur at conserved positions (ConSeq score of 7-9), except for G76R, which presents a medium score of 5. However, at this position charged residues like arginine are never present in homologous sequences. Furthermore, all amino-acid substitutions are predicted to be destabilizing or pathogenic by most of the used prediction methods (Table 2) . Two of the identified missense mutations (N144D and A669T) are located in transmembrane helices and have similar predicted effects as previously identified mutations. The two substitutions introduce, respectively, a negatively charged and a polar residue that appear to have a destabilizing effect on protein folding (Table 2 ). The T414M mutation is a part of the modeled MIR domain (Figure 2 ) and it is in close proximity to the WWS-associated V428D mutation, 5 and probably destabilizes the protein by a similar mechanism. Figure 1 Reduced a-DG glycosylation in POMT1-mutated patients. a-DG immunostaining using an antibody directed against a glycosylated epitope shows a normal labeling at the periphery of each fiber in the control's muscle, in comparison with patients 1 and 3 where the majority of myofibers show a faint immunoreaction and variability of the intensity of the labeling. Laminin a2 immunostaining using an antibody directed against the 80-kDa carboxyl-terminus shows a subtle reduction of the labeling in the patients.
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DISCUSSION
Although the clinical spectrum of dystroglycanopathies is broad, cardiac involvement has been reported only in patients with FKRP 10-13 and FKTN 14 mutations, or in rare forms allelic to CGDs. 15, 16 Similar to other known glycosyltransferases, POMT1 is expressed ubiquitously in all human tissues. Skeletal and cardiac muscles, in particular, show above-average levels of expression. 3 It is thus quite surprising that no signs of cardiomyopathy have been described in the B40 previously reported patients carrying POMT1 mutations (Leiden muscular dystrophies pages at http:// www.dmd.nl).
The patients in our series all presented with dilation and/or decreased LV contractility, variable RV involvement, and all had a good response to pharmacological therapy.
Muscle and CNS involvement in the patients was variable ranging from the mild to the severe ends of the POMT1 clinical spectrum. Patient 1, whose clinical immunohistochemical and genetic features were documented before the development of cardiomyopathy, 17 had CMD with severe mental retardation and a normal brain MRI, a phenotype known to be associated with POMT1 mutations. 33 Patients 2 and 3, conversely, differ from the classical LGMD2K, which usually includes overt mental retardation. 7, 8 It has been hypothesized that mutations, which completely disrupt mannosyltransferase activity, are associated with more severe phenotypes (WWS), while those allowing residual enzyme activity are linked to milder ones (CMD-MR/LGMD2K). 4, 7 Recent findings suggest that this correlation is weaker with regard to putative glycosyltransferase genes, such as FKTN or FKRP, but stronger for genes with a known enzyme product, such as POMT1. 34 In fact, studies that measure POMT1 activity in Sf9 cell lines coexpressing mutated POMT1 with wild-type POMT2 2 or in immortalized lymphoblasts from patients carrying POMT1 mutations 32 have demonstrated a marked reduction in POMT activity in the mutations/patients studied, but were unable to precisely predict phenotype severity. On the other hand, measurement of POMT activity using dermal fibroblasts from POMT1-mutated patients showed that clinical phenotype severity is inversely correlated with POMT1 activity. 35 A direct correlation between mannosyltransferase activity and clinical severity, however, does not seem to apply to heart involvement, which in our patients appears possible with very different degrees of neuromuscular severity, and with both complete and partial glycosylation defects (detected in the skeletal muscle).
It remains to be established if the development of cardiomyopathy in our patients can be mutation-dependent and if specific POMT1 Figure 2 Schematic overview of POMT1. The sequence of human POMT1 is shown as a horizontal line, with transmembrane helices (green), disordered regions (yellow) and MIR domains (red) shown as boxes. The modeled structure of the three MIR domains is shown above the sequence, colored from N-to C-terminus in blue to red. C-mannosylation and glycosaminoglycan attachment sites predicted by ELM are shown as purple and blue bars, respectively. Disease-associated mutations are shown with arrows pointing to the relevant position in the sequence together with the local sequence context from a multiple sequence alignment. Previously known mutations are shown with dotted lines. Both mutations falling into the MIR domain are shown with their residues as spheres in the structure.
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mutations can predispose to cardiac deterioration. Indeed, all the identified mutations in our patients seem to indicate some degree of functional relevance. Some of the identified mutations, such as stopcodon mutations or the in-frame skipping of exon 12, which codes for a portion of the catalytic MIR domain, have an easily predictable deleterious effect on enzyme activity. Novel missense mutations, on the other hand, need further studies to better assess pathogenicity. In silico predictions of protein structure, summarized in Table 2 , have localized these mutations into transmembrane helices, probably interfering with protein folding and stability, or into the MIR domain, in close proximity with previously described WWS-associated mutations, which completely impair catalytic function, and thus probably alter the protein by means of a similar mechanism. 5 We did not, however, expect our patients to have a complete defect of POMT1 enzymatic function, especially in those cases in which the phenotype was relatively mild and/or there was residual a-DG immunolabeling with antibodies against glycosylated epitopes. This may explain why some identified mutations have a predicted benign or slightly damaging effect on enzyme structure with some of the bioinformatic models that have been used, suggesting that they allow for the expression of a partially viable and functioning enzyme.
The mechanism of both cardiomyocyte and muscle fiber damage in dystroglycanopathies is probably loss of dystroglycan function due to insufficient glycosylation and subsequent accumulation of membrane damage in response to exercise-induced stress, as suggested by animal models. 36 In our patients, the myocardium may have been particularly stressed by specific conditions, such as respiratory failure (patient 1) or several years of relatively strenuous exercise in adults with a globally preserved motor function (patients 2 and 3).
We speculate that all or most of patients with severe WWS phenotypes would probably develop cardiomyopathy if their lifespan was longer, while in patients with more residual enzymatic activity and milder phenotypes, different mutations may determine a different pattern and timing of multisystemic involvement, explaining the absence of cardiomyopathy in most CMD and LGMD patients.
Bioinformatic prediction of the effect of missense mutations upon protein folding and function appears to yield results, which are consistent with in vitro enzymatic assay findings found in the literature for identical or similar mutations (Table 2) , and may prove useful especially in those laboratories in which these assays are unavailable. Further studies on a-DG glycosylation in myocardial tissue will help in clarifying genotype-phenotype correlations and the mechanisms by which POMT1 mutations and dystroglycanopathies in general selectively involve the myocardium.
Our report expands the phenotypical spectrum of POMT1 mutations, adding cardiomyopathy to LGMD forms with slight cognitive impairment and to CMD-MR. In the light of these findings, we would recommend that clinicians monitor patients with POMT1 mutations closely, regardless of their neuromuscular phenotype, to detect precocious signs of cardiac dysfunction. Gadolinium-enhanced cardiac MRI studies in these patients may help to detect subclinical heart involvement, making timely therapeutic interventions possible. The mutations are listed with their associated phenotype, enzymatic activity and several in silico predictions. I-Mutant, MUpro and SNPs3D predict changes in protein stability in terms of DDG, whereas SNAP and PhD-SNP predict a variant as disease-related or as neutral polymorphism. In the table we report reliability parameters for each prediction in parentheses. I-Mutant calculates the free energy change value (DDG), where a DDGo0 indicates decrease of stability. SNPs3D uses a SVM to find the separation pattern between a set of disease and non-deleterious SNPs. A positive score indicates variants classified as non-deleterious. MUpro predictions were reported with the confidence score (C score). A negative score indicates the mutation decreases protein stability, where lower scores imply higher confidence. In SNAP, variations are listed as 'neutral' or 'non-neutral' with reliability indices (RI; range 0-9) and EA (range 1-100%) indicative of confidence in prediction. Higher RI correlates strongly with higher prediction accuracy. EA is a number of correctly predicted neutral or non-neutral samples (at a given reliability index) in the SNAP testing set. SNAP only reports predictions that are made with at least 50% accuracy. PhD-SNP classifies a mutation as disease-related or as neutral polymorphism. As with SNAP, the RI indicates the confidence of predictions. ConSeqscores the sequence conservation from 0 to 9, with 9 being highly conserved and 0 being highly unconserved (ie, variable). The last column shows the residue types present in that position of the multiple sequence alignment. a Novel mutation. b Measured in lymphoblasts from a compound heterozygous carrier of p.G65R and p.W582C. c Average range of POMT activity in controls is 0.041±0.013 pmol/h/mg proteins. 32
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